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NMRs (EBV) mainly localizes on nuclear/ER membranes and plays a role in the
assembly of EBV nucleocapsid. The C-terminal tail domain (gp110 CTD) is essential for the function of gp110
and the nuclear/ER membranes localization of gp110 is ruled by its C-terminal unique nuclear localization
signal (NLS), consecutive four arginines. In the present study, the structural properties of gp110 CTD in
membrane mimics were investigated using CD, size-exclusion chromatography, and NMR, to elucidate the
effect of membrane environment on the structural transition and to compare the structural feature of the
protein in the solution state with that of the membrane-bound form. CD and NMR analysis showed that
gp110 CTD in a buffer solution appears to adopt a stable folding intermediate which lacks compactness, and a
highly helical structure is formed only in membrane environments. The helical content of gp110 CTD was
signiﬁcantly affected by the negative charge as well as the size of membrane mimics. Based on the elution
proﬁles of the size-exclusion chromatography, we found that gp110 CTD intrinsically forms a trimer,
revealing that a trimerization region may exist in the C-terminal domain of gp110 like the ectodomain of
gp110. The mutation of NLS (RRRR) to RTTR does not affect the overall structure of gp110 CTD in membrane
mimics, while the helical propensity in a buffer solution was slightly different between the wild-type and the
mutant proteins. This result suggests that not only the helicity induced in membrane environment but also
the local structure around NLS may be related to trafﬁcking to the nuclear membrane. More detailed
structural difference between the wild-type and the mutant in membrane environment was examined using
synthetic two peptides including the wild-type NLS and the mutant NLS.
© 2008 Elsevier Inc. All rights reserved.IntroductionGlycoprotein 110 (gp110) is essential for virus assembly in vivo
(Lee and Longnecker, 1997; Lee et al., 1997) and localizes predomi-
nantly on the inner and outer membranes of the nucleus in infected
cells. Gp110 is a large glycoprotein composed of 857 amino acids. It
consists of a long stretch of the N-terminal domain, three potential
membrane-spanning regions, and a C-terminal tail domain (Fig. 1).
Interestingly, the C-terminal tail domain of gp110 (gp110 CTD,
hereafter) locating in nucleoplasm provides signals that are respon-
sible for the assembly of EBV nucleocapsids and their egression
through the nuclear membrane (Lee and Longnecker, 1997). Some
reports indicated that the residues 816 to 841 in the tail domain
containing four consecutive arginines (RRRR) are essential for the
retention in the nuclear/endoplasmic reticulum (ER) membranes (Lee
and Longnecker, 1997; Lee, 1999). In addition, a mutagenesis
experiment supported that not only the positive charge of con-
secutive arginines but also their proper structural conﬁguration is anl rights reserved.important factor for the localization of gp110 to the nuclear/ER
membranes (Lee, 1999). More recently, it is revealed that its
biological role is not limited to virus assembly: gp110 appears to be
the critical component for EBV glycoprotein-mediated cell fusion
(McShane and Longnecker, 2004) and the residues 802 to 816 in the
C-terminal domain are necessary for the productive membrane
fusion, while the residues 817 to 841 negatively regulate membrane
fusion (Haan et al., 2001). While the biological importance of gp110
in the virus fusion and assembly were emphasized on, little is known
about the structural characteristic of gp110. The recombinant gp110
CTD may be partially folded in a buffer condition but adopts more
ordered structure in micelle solutions (Park et al., 2002). It is well
known that some soluble proteins have the native molten-globule
structures that facilitate binding to lipid bilayer (Song and Kim, 1997,
Song et al., 2001; Lohner and Esser,1991) and that the molten-globule
like conformation has a key role for membrane binding of proteins. In
the present study, we investigated the membrane binding properties
of gp110 CTD and the structural transition on membrane mimics by
characterizing the fold of gp110 CTD in a buffer and membrane-
mimicking conditions. In addition, to elucidate whether the dis-
turbed ER/membrane localization by mutation of the nuclear
Fig. 1. Schematic representations of EBV gp110 and the C-terminal domain. The coding region for EBV gp110 is represented as an open box with the gray area indicating the putative
membrane-spanning domain. The numbers indicate the numbers of gp110 amino acid. The C-terminal domain investigated in this study is depicted with the predicted secondary
structural regions. The open boxes in the C-terminal domain represent the putative helices. The secondary structure estimation was carried out using PSIPRED 2.0 (McGufﬁn et al.,
2000). The underlined italic sequence, RRRR represents the nuclear localization signal (NLS) and the arrow indicates the synthesized peptide sequence (R4 peptide) used in the
present investigation.
182 S.J. Park et al. / Virology 379 (2008) 181–190localization signal (NLS) is caused by the altered structure, the
conformational difference between the native gp110 CTD and the
mutant gp110 CTD containing the mutated NLS was examined.
Results
Folding intermediate of gp110 CTD in buffer conditions
Both thewild-type andmutant gp110 CTDwere cleanly puriﬁed, as
described in Materials and methods. Almost the same procedure was
applied to the puriﬁcation of both proteins. The ﬁnal yields of the
wild-type and mutant proteins were approximately 10 mg and 12 mg
per liter of E. coli culture, respectively. The SDS-PAGE showed that the
puriﬁed protein appeared homogeneous (Fig. 2).
Gp110 CTD was not so highly ordered in a buffer condition (Park et
al., 2002), even though the presence of two negative extremes at 222
and 205 nm and the positive maximum below 200 nm pointed that
the protein adopts a partially helical conformation (Fig. 3). This gp110
CTD showed very little structural change in the buffer solution when
pH was changed from 4 to 9 (Fig. 4A). Apparent intensity at 205 nm
and 222 nm appeared to be slightly less at pH 8 than at the others, but
the ratios of 205/222 nm were almost equal over the pH range
investigated. This result suggests that gp110 CTD at various pHs has
the same conformational characteristics. However, the Tm curves
clearly showed that the tertiary structure of gp110 CTD is not compact
(Fig. 4B); as the temperature increasing, the Tm curve gradually
increased and reached at plateau about 60 °C. The gradual increase of
Tm curve is the general characteristic of unordered or loosely folded
proteins. In contrast, various folded proteins show a sigmoid pattern
of Tm curves. Thus, this result reveals that the conformation of gp110Fig. 2. SDS-PAGE of the recombinant gp110 CTD. Lanes: (A) Molecular markers; (B) The
whole-cell lysate of thewild-type gp110 CTD before induction; (C) The whole-cell lysate
of the wild-type gp110 CTD after induction; (D) The whole-cell lysate of the mutant
gp110 CTD (RT2R) before induction; (E) The whole-cell lysate of the wild-type gp110
CTD after induction; (F) the wild-type gp110 CTD after puriﬁcation; (G) the mutant
gp110 CTD (RT2R) after puriﬁcation.CTD in the buffer solution is not highly ordered, even though the
protein possesses the structural stability somehow. The effect of ionic
strength on the structural stability was also evaluated. The melting
temperature of gp110 CTD was not signiﬁcantly affected by salt
concentration, though the slight intensiﬁcation of CD signal at 222 nm
occurred with increasing salt concentration (Fig. 4C). This slight
intensiﬁcation might be caused by the enhanced intramolecular or
intermolecular hydrophobic interactions which stabilize the structure
of gp110 CTD.
Binding to membrane mimics
To identify the binding to membrane mimics, the mobility change
of gp110 CTD in micelles and lipid vesicle on a gel column was
monitored at 280 nm. As a model membrane, DPC, SDS micelles, and
liposome vesicles were used. In the buffer condition, gp110 CTD was
eluted as a single peak at 11.83 min (Fig. 5A), which is corresponding
to the trimeric molecular weight (approximately 36,000 Da) of gp110
CTD (Table 1). Whenmixed with micelles and lipid vesicle, the protein
was eluted near at void volume (Figs. 5B–E), revealing the proteinwas
complexedwith themembranemimics. Each fractionwas analyzed by
SDS-PAGE and the presence of gp110 CTD in eluate was conﬁrmed
(data not shown). Presumably, DPC and SDS formmulti-sized micelles
and the population of large micelles is sparse, since the fraction
volume of the gp110 CTD-large micelle complex was relatively low. In
the case of the multilamella lipid vesicle whose diameter was
approximately 150 nm, gp110 CTD binding was clearly detected; the
retention time of a bounded complex was shifted from 6.81 min to
5.32 min (Fig. 5E). The fraction at 10.55 min seems to be a complex of
gp110 CTD and the relative small vesicles. Because the liposomes
contribute to light scattering, the peak volume detected at 280 nm
does not exactly indicate the amount of protein associated with the
liposomes. Indirectly, the ratios of gp110 CTD associated with large
micelles and liposome vesicles were deduced by calculating the peak
volume of the remained protein after binding. Table 2 shows that the
amount of gp110 CTD bound to DPC or SDS micelles was less than that
of the liposome bound form. However, these data do not imply that
micelles have lower afﬁnity to gp110 CTD, compared with the result of
liposome, since the detectable large micelles on the gel column may
not be densely populated in the experimental condition.
Structural transition in membrane-like environment
The structural change in membrane environment was investigated
using SDS, DPC micelles, and liposome vesicles (Losonczi et al., 2000;
Matthey et al., 1999; Henry and Sykes, 1992; Kochendoerfer et al.,
1999; Ruan et al., 1998), which were selected to investigate the
Fig. 3. Induced helicity in membrane mimics. (A) Fifteen μM of gp110 CTD was dissolved in 50 mM DPC, 10 mM SDS micelles, and 10 mM liposome solutions, with 5 mM sodium
phosphate. The ﬁnal pH of each solution was adjusted to 7.4. The spectra were expressed as mean residual molar ellipticity ([θ], deg cm2/dmol) from 190 to 240 nm by dividing the
measured molar ellipticity by the number of residues of gp110 CTD. (B) Tm curves in membrane mimics.
183S.J. Park et al. / Virology 379 (2008) 181–190possible inﬂuence of the net charge of membrane mimics. The CD
spectra of gp110 CTD in membrane mimics exhibited evidence of
signiﬁcant α-helical structure as indicated by the strong positive
band at about 190 nm and negative bands near 208 and 222 nm
(Fig. 3A). Increasing concentration of micelles and liposome
substantially affected the CD curves (data not shown). The presence
of isodichroic point at 205 nm indicates a transition from a folding
intermediate to a helical structure. Gp110 CTD in the liposome and
DPC micelle solution appeared to be slightly less helical than gp110
CTD in the SDS micelle solution (Fig. 3A). The thermal stability of
gp110 CTD in membrane mimics was similar to that in the buffer
solution: The Tm curves gradually increased regardless of sources of
membrane mimics (Fig. 3B). This result indicates the lack of a stable
tertiary structure in the membrane-bound state.
The structural transition of gp110 CTD was also observed in the
HSQC spectra (Fig. 6). The spectra were acquired at 30 °C in 50 mM
sodium phosphate buffer (pH 6.0). In the buffer solution, the
distribution of cross-peaks was poor and the amide peaks were
largely amassed. The two-dimensional NOESY and TOCSY data were
very poor and showed only a few broad and strong cross-peaks (data
not shown). However, the NH resonances were dramatically changed
in micelle conditions as shown in Figs. 6B, C. Both the DPC and SDS
micelles affected the dispersion of NH cross-peaks. Compared to DPC
sample, the peak aggregation in the center regionwasmoreweakened
in SDS sample. In addition, the resolution of peaks highly increased
when the NMR sample was deuterated (Fig. 6D). Gp110 CTD has seven
Gly residues that were not completely detectable in the buffer and the
micelles. However, by deuteration and applying SDS micelles, all Gly
residues can be detected in the HSQC spectrum (Fig. 6D). Actually,Fig. 4. Effects of pH and salt concentration on the structural and thermal stability. As the temp
which was not changed in various conditions. The experiment on pH effect was conductedwi
NaCl. (A) The pH dependence of the secondary structure. The inset is the expansion of the
increasing NaCl concentration.about 104 peaks can be peaked except side-chain peaks of Gln an Asn,
revealing almost all residues were visible in this spectrum.
Comparison of structures between wild-type and mutant gp110 CTD
To verify the structural difference between the wild-type gp110
CTD (R4) and the mutant gp110 CTD of which NLS signal, RRRR was
mutated to RTTR (RT2R), the CD experiments were performed in
various solution conditions for RT2R. Similar to R4, RT2R showed a
well ordered secondary structure in micelle solution (Fig. 7). The
partially ordered structure in the buffer solution and the pattern of
secondary structural change in the micelles solution indicate the
structural characteristic was unaffected by mutation of NLS. However,
there were subtle differences between R4 and RT2R. Compared to the
R4, the intensiﬁcation of the CD signals of RT2R was observed. The
helicity of the two proteins in various solutions were estimated using
the CD signal at 222 nm (Table 3). The helical conformation of RT2R in
micelles apparently looks more stabilized than that of R4. However,
the 208/222 nm ratio of RT2R in the buffer solution notably increased
from 1.54 to 1.64 (Fig. 7).
The structures of two peptides, FPGLRRRRYHDP (R4 peptide) and
FPGLRTTRYHDP (RT2R peptide) were determined in SDS micelles for
analyzing the effect of amino acids substitution on the conﬁguration
of NLS. It was predicted that these peptides correspond to a loop
region linking the helix 3 and helix 4 (Fig. 1). These peptides do not
seem to adopt any regular structures in both buffer and micelle
solutions, based on the CD data (data not shown). This result indicated
that the conformations of two peptides were not signiﬁcantly
dependant on the solutions used. The NMR experiments were carriederature increasing, the Tm curve gradually increases and reaches at plateau about 60 °C,
th 5 μMof gp110 CTD that was dissolved in 5mM sodium phosphate buffer with 100mM
CD curves from 210 nm to 230 nm. (B) Tm curves at various pHs. (C) Tm curves with
Fig. 5. Elution proﬁles of size-exclusion chromatography in micelle and lipid solutions. All the injected concentration of gp110 CTD in every mixtures were equally 0.5 mM. (A) gp110
CTD; (B) SDS+gp110 CTD; (C) DPC+gp110 CTD; (D) liposome (PC:PG=3:1) only; (E) liposome+gp110 CTD. Asterisks are the peak fractions containing the mixture of micelle and
protein. The number on the each peak is the elution time (minutes at ﬂow rate 1 ml/min). (F) Standard curve obtained in the same buffer without micelles was depicted, and
calculated molecular weights were represented in Table 1.
184 S.J. Park et al. / Virology 379 (2008) 181–190out at 40 °C to overcome the cross-peak overlaps in the 1H dimension.
All proton chemical shifts of the R4 and RT2R peptides were
unambiguously assigned. The structures of two peptides in SDS
micelles were calculated by using distance restraints from NOESY
experiments. For the R4 peptide,180 distance constraints were used in
the structure calculations. For the RT2R peptide, a total of 160 distance
constraints were used. A set of 100 structures of each peptide was
calculated, and the 10 structures with the lowest energy are presented
in Fig. 8. These structures had relatively low energies, and there were
no NOE violations of N0.5 Å from the distance constraints used in the
calculations. Structural statistics for the ensemble of 10 structures of
the R4 and RT2R peptides are shown in Table 4. The two peptides
adopted similar loops, which did not exhibit a typical turn conforma-
tions. The backbone dihedral angles of the NLS (Φ/Ψ angles of 4
residues in the NLS) were −96/−22.5, 65/69.7, 54.8/59.8, and −111.1/
−74, while those of the mutant were −105.5/−34.5, 48.7/56.7, −154.6/
−32, and 87.4/38.4. When the two models were overlaid around the
NLS, they were well superimposed except the N- and C-termini (Fig.
8C). Therewere little differences in the backbone conformations of the
NLSs. The distinct differences were found in the orientation of side-
chains. The charged side-chains of four Arg residues in the wild-typeTable 1
Elution proﬁle of molecular standards and gp110 CTD
Samples M.W.
(Da)
Retention time
(Vr, min)
Kda (Distribution
coefﬁcient)
1Molecular
standards
Blue dextran 1,000,000 6.69 Void vol. (V0)
Albumin 67,000 9.51 0.29
Ovalbumin 43,000 10.98 0.44
Chymotrypsin 25,000 13.05 0.65
Ribonuclease 13,700 13.65 0.71
Tyrosine 204 16.47 Column vol. (Vt)
Gp110 CTD 36,783b 11.83 0.53
a Kd=(Vr−V0) / (Vt−V0).
b Estimated molecular weight was calculated from the standard curve depicted in
Fig. 4F.peptide are projected to the surface of molecule. The side-chains of
two Arg and two Thr residues of the mutant also point towards the
surface of molecule. The solvent accessible surfaces of four Arg
residues in the R4 peptide were 53.1, 48.1, 60.5, and 53.9%,
respectively. Those of two Arg and two Thr residues in the RT2R
peptide 59.3, 60.1, 58.9, and 59.3%, respectively, indicating the mutant
NLS is slightly more solvent-exposed. However, the side-chains of Arg
5 and Arg 8 in two peptides showed the difference of orientation (Fig.
8D). The charged NH groups of residues, Arg 6, 7, 8 in the wild-type
peptide, point the same direction, while those of Arg 5 point toward
N-terminus. The side-chains of Arg 5 and Arg 8 in the mutant point
toward opposite direction, compared with those of the wild-type. The
short side-chains of twoThr residues in themutant peptide may affect
the different orientations of side-chains, since no NOEs from the side-
chains of two Thr residues and no steric hindrance exist. As a result,
the surface charges of two peptides are differently distributed; the
positively charged residues of the R4 peptide are more concentrated
on one region, compared to the RT2R peptide (Figs. 8E, F).
Discussion
The current study suggests that the C-terminal domain is not so
highly ordered on its own and forms more ordered structure upon
interaction with membranes. The structure of gp110 CTD in the buffer
solution was partially folded and was not affected by pH or salt
concentrations. In addition, the gel columnproﬁle showed this protein
in the buffer solutions exists as a trimer, revealing that the
trimerization region of gp110 exists in the C-terminal domain. It isTable 2
The amounts of gp110 CTD associated with large micelles and liposome vesicles
Complex media DPC SDS Liposome
Fraction % 20a 14a 40a
a The fraction % was calculated by the peak volume of a complex divided by the peak
volume of the control gp110 CTD (Fig. 4A).
Fig. 6. Two-dimensional 1H/15N HSQC spectra of gp110 CTD with or without micelles.
The protein concentration was 1.2 mM. The sample was dissolved in 50 mM sodium
phosphate buffer, 150mMNaCl (pH 6.0). The spectrawere acquired at 303 K. The dotted
lines represent the side-chain amide peaks. The side-chain amides of glutamines and
asparagines exhibit more amassed cross-peaks in the presence of DPC micelles. (A)
Without DPC micelles. (B) With DPC micelles (100 mM deuterated DPC). (C) With SDS
micelles (200 mM deuterated SDS). (D) 70% duterated gp110 in SDS micelles.
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ectodomain of HSV gB (Heldwein et al., 2006; Backovic et al., 2007).
The trimerization of gp110 CTD affected the spin-relaxation times,
since the deuteration of the NMR sample enhanced the line broad-
ening in the HSQC spectrum (Fig. 6D). The alteration of the trimer state
seems not to be derived by pH and ionic strength, considering that the
thermal denaturation proﬁles were almost identical in various
conditions (Fig. 4). Therefore, the trimeric structure of gp110 CTD in
the buffer solutions appears to be a folding intermediate that lacks
compactness. Even in membrane mimics, a stable tertiary structure of
gp110 CTD does not seem to be formed, while the helical property
dramatically increased.
This conformational characteristic is very similar with that of
molten-globules; themolten globules generally retain their secondary
structure, while they lack some or all tertiary structure (Ptitsyn, 1995;
Dobson, 1994). The molten-globular state is related to membrane
binding capacity in membrane proteins. In some cases, the native
molten-globular structures facilitate binding to lipid bilayer mem-
branes at neutral pH (Park et al., 2002; Song et al., 2001; Lohner and
Esser, 1991). Occasionally, membrane binding induces the molten-
globular structure (Muga et al., 1991; van der Goot et al., 1991;
Banuelos and Muga, 1995): the acidic molten-globular state could be
an intermediate formed during the insertion of colicin A into
membranes (van der Goot et al., 1991). The α-lactalbulmin associates
with the negatively charged membranes accompanying a molten-
globule like conformational change (Banuelos and Muga, 1995).
In case of gp110 CTD, membrane mimics induce the highly helical
conformation: the increased helicity of the membrane-associated
conformers indicates that the relatively unstructured segments of the
protein adopt a helical conformationuponbinding tomembrane (Fig. 3).
The helical content of the protein seems to be affected by the size of
membrane mimics. Compared with DPC and SDS micelles, the large
liposome induced relatively low helicity (Table 3). However, the
membrane binding capacity of gp110 CTD was well maintained in the
liposome vesicle, based on the gel column proﬁle. The most helical
structure was derived in the SDS micelles, which reveals that the
negative charge of micelles as well as the size of membrane mimics
signiﬁcantly affects the helical content of gp110 CTD. In addition, this
structural change in membrane environment can be found in the HSQC
spectrum (Fig. 6), since the chemical shift changes directly reﬂect the
structural change. Consistent with CD results, the spectrum showed
large signal changes in micelle solutions, implying that the conforma-
tional change is signiﬁcant in membrane environment.
It is not clear whether the helical structure induced by membrane
mimics correlates with the membrane insertion and/or protein
translocation across membranes. However, several studies support
the increased helicity is required in protein insertion and/or
translocation to membranes (Song et al., 2001; Muga et al., 1991;
Banuelos and Muga, 1995). Apocytochrome c undergoes a transition
from an essentially unordered conformation in solution to an alpha-
helical structure in a model membrane (Muga et al., 1991). The
interaction of the steroidogenic acute regulatory protein (StAR) with
membranes is facilitated by the induced helicity (Song et al., 2001). A
similar folding behavior was described for interaction of α-lactoalbu-
min with negatively charged membranes (Banuelos and Muga, 1995).
Thus, the helical nature in membrane mimics may reﬂect an
association mechanism of gp110 with membranes.
The nuclear localization of gp110 is mediated by the NLS (RRRR) in
the C-terminal domain. The former study revealed that these four
Fig. 7. Comparison of CD spectra betweenwild-type and mutant gp110 CTDs. The spectra are expressed as mean residual molar ellipticity ([θ], deg cm2/dmol) from 190 to 240 nm by
dividing the measured molar ellipticity by the number of residues in gp110 CTD. The Tm curve is expressed as ellipticity (mdeg) at 222 nm. (A) superimposed CD spectra of mutant;
(B) Tm curves of two forms; CD spectra of wild-type and mutant forms were compared in the buffer solution (C), in liposome (D), in DPC micelles (E), and in SDS micelles (F).
186 S.J. Park et al. / Virology 379 (2008) 181–190arginine residues are the only important sequences for the ER/nuclear
localization (Lee and Longnecker,1997; Lee,1999). Themutation of the
NLS resulted in the change of intracellular localization and the
alteration of glycosylation pattern; the mutant gp110 containing
either KKKK, REER, or RTTR failed to localize the ER/nuclear
membrane while the arginine to lysine substitution at the second
position of NLS (RKRR) did not disturb the ER/nuclear localization
pattern of gp110 (Lee, 1999). The failure of the ER/nuclear localization
by the C-terminal mutation results in the increased expression on the
plasma membrane. Interestingly, more recent studies suggest that
gp110 plays a role in EBV entry to a target cell by endocytosis and/or
direct cell fusion and the region containing the NLS negatively
regulates the ability of gp110 to induce membrane fusion (McShane
and Longnecker, 2004; Haan et al., 2001). These results indicate that
not only the net charge but also the conformation of the four arginines
are important for the subcellular localization of gp110 and EBV
membrane fusion.
To elucidate that the disturbed localization is related to the
conformational difference between the wild-type and the mutant
gp110 CTD, the structural feature of the mutant gp110 CTD
containing RTTR (RT2R in this paper) was investigated. The
structural characteristic of the mutant gp110 CTD was very similarTable 3
Comparison of ratio of 208/222 nm and estimated α-helicity between wild-type and
mutant gp110
Sample Buffer DPC SDS Liposome
Wild-type 1.54 (23%)a 1.27 (51%) 1.13 (74%) 1.56 (31%)
Mutant 1.64 (27%) 1.27 (56%) 1.12 (76%) 1.58 (38%)
a The estimated values of α-helicity that were calculated with CD signals at 222 nm,
are indicated in parentheses.to that of the wild-type; the formation of the folding intermediate
in the buffer solution as well as the structural change in the
membrane mimics, were equally identiﬁed. However, the helical
content of RT2R was slightly different in the buffer condition,
compared with R4. On the contrary, the overall conformation in the
membrane mimics was very similar to that of the wild-type protein,
since the ratio of 208/222 nm of two proteins in the CD data did not
show a signiﬁcant difference. Thus, the overall structural difference
between the wild-type and the mutant forms was found only in the
buffer condition while the difference in membrane environment
may be restricted to the local region around the NLS motif.
Consistent with this observation, the structures of two peptides,
R4 and RT2R, were similar each other except the side-chain
orientation and both ends of peptides. This result reveals that the
helicity induced in membrane environment is not directly related to
trafﬁcking to ER/nuclear membrane.
The overall structural similarity between RT2R and R4 in
membrane mimics is consistent with the fusion activity of gp110
(McShane and Longnecker, 2004; Haan et al., 2001): in a virus-free
cell fusion assay, the mutant gp110 CTD exhibited the ability to
mediate membrane fusion similar to that of the wild-type protein
(McShane and Longnecker, 2004). R4 and RT2R peptides, showing
similar backbone structures except side-chain orientation, also
support that the mutation at the NLS had no effect on membrane
fusion.
As described earlier, gp110 localizes both the inner and outer
nuclear membrane. To reach the inner nuclear membrane, gp110
may diffuse laterally along the pore membrane. Indeed, some viral
membrane proteins freely diffuse across the nuclear pore mem-
brane (Torrisi et al., 1987; Holmer and Worman, 2001; Lusk et al.,
2007). However, some studies suggested that transport of integral
membrane proteins to the inner membrane requires a signal-
Fig. 8. Structural comparison between the R4 and RT2R peptides. Ensembles of 10 torsion angle dynamics conformers of the R4 peptide (A) and the RT2R peptide (B) are depicted. The
backbones from the ensemble structures of the R4 (gray) and RT2R (black) peptides are overlaid (C). The orientations of the four arginines (red) in the NLS motif of the R4 peptide are
compared with those (blue) of the RT2R peptide (D). The asterisks represent the residues from the RT2R peptide. The electrostatic potential surfaces of the R4 (E) and the RT2R (F)
peptides are compared. The positively charged residues are represented in blue. The programMolMol was used for this presentation. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Braunagel et al., 2007; Saksena et al., 2006).
For the most cellular proteins, NLS-dependent translocation
across NPC is mediated by the binding of an NLS on cargo proteins
to importin-α in the cytoplasm (Fontes et al., 2000, 2003; Rowland
and Yoo, 2003). The structural studies of monopartite and bipartite
NLS recognition by importin-α showed that the two basic clusters
of bipartite NLSs bind to two separate binding sites on importin-α.
In addition, monopartite NLS can bind to both sites but preferen-
tially use one binding site, referred as the major site (Fontes et al.,
2000, 2003). Very interestingly, the R4 peptide shares the structural
similarity with the monopartite NLS of the simian virus 40 (SV40)
large T-antigen, 126PKKKRKV132 (Fig. 9A). The monopartite SV40 NLS
bound to importin-α adopts an extended conformation and the
basic side-chains of the NLS interact with the negatively charged
residues of importin-α (Fontes et al., 2000, 2003). The structure ofTable 4
Structural statistics for the ensemble of 10 structures of R4 and RT2R peptides
Statistics for structure calculations R4 RT2R
R.m.s.d. from idealized covalent geometry
Bonds (Å) 0.0012±0.00083 0.0018±0.00016
Bond angles (°) 0.4407±0.0057 0.4842±0.0093
Improper torsions (°) 0.0870±0.0112 0.1222±0.016
R.m.s.d. from experimental restraints
Distances (Å) 0.037±0.0014 0.0047±0.0007
Final energies (kcal mol−1)
Etotal 15.91±0.73 22.61±1.87
Ebond 0.31±0.06 0.65±0.13
Eangles 12.01±0.31 13.29±0.51
Evdw 3.22±0.28 8.09±1.14
Eimp 0.16±0.04 0.27±0.07
ENOE 0.21±0.15 0.32±0.09
Average R.m.s.d. to the mean structure for
all heavy atoms/the backbone (Å)
1.18/0.19 0.75/0.27the R4 peptide adopts a loop, rather than an extended conforma-
tion. However, we found that the side-chain orientations of NLS
were very similar to that of SV40 large T-antigen. Fig. 9A shows that
the side-chains of the repeated arginine or lysine point the same
directions, except the Arg 5 of the NLS in gp110 CTD.
In addition to this observation, a recent study demonstrated that
the yeast inner nuclear membrane proteins with the classical NLS
sequence are also transported by the karyopherins complex (impor-
tin-α and -β complex) via the nuclear pore complex (NPC) (King et al.,
2006). Therefore, these results may provide that the importin-
mediated transport is one of possible routes for gp110's nuclear
localization, especially for the inner membrane localization (Fig. 9B).
Materials and methods
Materials
Restriction endonucleases were purchased from New England
Biolabs Inc. (Beverly, MA, USA), and Promega (Madison, WI, USA).
Cloned Pfu DNA polymerase was obtained from Stratagene (La Jolla,
CA, USA). Dodecyl phosphocholine (DPC) was purchased from Avanti
Polar Lipids Inc. (Alabaster, AL, USA). Sodium dodecyl sulfate (SDS)
was obtained from Sigma (St. Louis, MO, USA). All materials were of
reagent or biotechnological grade.
Plasmids construction and expression
The plasmid carrying the sequence coding for gp110 CTD
(including amino acid 758 to 857 of EBV gp110) was constructed.
The plasmid pJ4-m encoding the C-terminal gp110 (Park et al., 2002)
was used as a template to prepare gp110 CTD constructs. The plasmid
was generated by inserting the PCR fragment into the NdeI–XhoI
digested pET-21a and designated as pGP110C. The resulting protein
product has a His6 C-terminal tag. For mutation analysis, the RRRR
Fig. 9. Schematic representation for the nuclear localization of gp110. The neon diagrams of the R4 peptide and the importin-α-bound monopartite NLS of the simian virus 40 (SV40)
large T-antigen, 126PKKKRKV132 are superimposed (A). The model of the R4 peptide is the energy-minimized average structure. The crystal structure of the monopartite NLS of SV40
(PDB ID:1EJL) were obtained from the Protein Data Bank (PDB). The orientation of the three arginines in the NLSmotif of gp110 CTD is compared with those of the monopartite NLS of
SV40. The subcellular localization of gp110 is schematically depicted (B). The crystal structure of the ectodomain of glycoprotein B from Herpes Simplex Virus 1 was obtained form
PDB (2GUM). EctoD: ectodomain of gB; TM: transmembrane domain of gp110; CTD: c-terminal domain of gp110; NPC: nuclear pore complex.
188 S.J. Park et al. / Virology 379 (2008) 181–190sequence was exchanged to RTTR. The consecutive AGA codons were
replaced with the major threonine ACC codons by site-directed
mutagenesis. PCR ampliﬁcation was performed with pfu DNA
polymerase using two overlapping primers, 5′-GTTTTCCAGGCCTACG-
CACCACCCGCTATCACGATG-3′ (sense) and 5′-GATCGTGATAGCGGG-
TGGTGCGTAGGCCTGGAAAAC-3′ (antisense) containing the threonine
codons (underlined). The constructed plasmids were conﬁrmed by
restriction analysis and DNA sequencing. The wild-type gp110 CTD is
referred as R4 and the mutant as RT2R hereafter.
The constructs were transformed into E. coli BL21 (DE3) and
cultured in the LB broth or in the M9 (15N) media. After incubation at
37 °C for 7 h, protein expressionwas induced by adding isopropyl β-D-
1-thiogalactopyranoside (IPTG) to a ﬁnal concentration of 1 mM. After
4 h postinduction at 37 °C, cells were harvested by centrifugationwith
8000 rpm at 4 °C for 15 min (Beckman J2-MC).
Puriﬁcation of R4 and RT2R
The bacterial cell pellets were suspended in 100 ml of the lysis
buffer (50 mM Tris–Cl (pH 7.9), 500 mM NaCl, 10% glycerol, and 1
tablet of EDTA-free protease inhibitor cocktail (Roche) containing
0.2 mg/ml lysozyme. The bacterial lysis was performed by sonication
(4×30-s pulses) until the lysate became clear. After lysis, the
supernatant was applied to a His-tag column (2.5×20 cm). Bound
proteins were elutedwith a linear 50–800mM immidazole gradient at
the ﬂow rate of 1 ml/min. After pooling the eluted fractions, the
protein solutionwas dialyzedwith a buffer (25mM sodium phosphate
(pH 7.5), 50 mM NaCl, and 1 mM PMSF (phenylmethylsulphonyl
ﬂuoride). The dialyzed solution was applied to the Q-Sepharose ion-
exchange chromatography (Amersham Pharmacia Biotech, Uppsala,
Sweden) and eluted with a linear 50–600 mM NaCl gradient in the
sodium phosphate buffer. Protein samples were collected at each
puriﬁcation step and analyzed by SDS-PAGE. The same procedure wasapplied for puriﬁcation of the mutant gp110 CTD. All puriﬁcation steps
were conducted in a cold room. The puriﬁed gp110 CTD was stored in
the buffer, 25 mM sodium phosphate (pH 6.0) containing 1 mM PMSF
and 300 mM NaCl since the gp110 CTD is relatively stable at high salt
concentration.
Preparation of phospholipids liposome
Liposome of PC and PGmixture (3:1molar ratio) was prepared. Egg
yolk L-α-L-phosphatidylcholine (egg PC) and L-α-phosphatidyl-DL-
glycerol which was enzymatically converted from egg PC (egg PG)
were purchased from Avanti (Alabaster, AL) and eachwere prepared in
a chloroform solution and a chloroform/methanol (2/1) solution. The
solvent was evacuated for at least 1 h and evaporated under nitrogen
gas ﬂow to remove any remaining trace of the solvent. The dried lipid
ﬁlms on the inner walls of the round bottom ﬂask were hydrated with
a buffer solution [10 mM Tris, 150 mM NaCl, 1 mM EDTA (pH 7.0)] and
vortex mixed to produce the MLVs (Multi lamellar vesicles). The
suspension was freeze–thawed for ﬁve cycles and then extruded
through polycarbonate ﬁlters (a 0.1 μm pore size ﬁlters, 10 times). The
lipid concentration was determined by Stewart assay (Charles and
Stewart, 1980).
Gel-permeation chromatography
DPC, SDS micelles (100 mM and 200 mM, respectively), and
Phospholipid liposome (10mM)weremixedwith gp110 CTD (1.2mM)
in 10 mM sodium phosphate buffer (pH 6.5) respectively and each
mixture was incubated at 25 °C for 1 h. These mixture (50 μl) were
injected onto a Biosep S-3000 (Phenomenex), connected to a Hitachi L
6200 HPLC and pre-equilibrated with the same buffer. The each
mixture contained equal amount of gp110 CTD; the ﬁnal concentration
of gp110 CTD in 50 μl injection volume was 0.5 mM. The elution at
189S.J. Park et al. / Virology 379 (2008) 181–1901 ml/min was monitored at 280 nm. Each peak was collected and the
fractions were analyzed by SDS-PAGE.
Circular dichroism analysis
Circular dichroism (CD) analysis was performed by using Jasco
J-715 spectropolarimeter at 20 °C. CD measurements were carried
out in a wavelength range between 190 nm and 240 nm. The
gp110 CTD puriﬁed as described above was dialyzed against 5 mM
sodium phosphate buffer (pH 7.4) and concentrated using a
Centricon 30 unit (Amicon Inc., Beverly, MA, USA). The resultant
spectra were corrected for the buffer signal. To examine the
structural change in membrane-mimicking environment, the
spectra of gp110 CTD (5–15 μM) were also collected in 5 mM
sodium phosphate buffer (pH 7.4) with 50 mM DPC, 10 mM SDS,
and 10 mM phospholipids liposome. A baseline of pure micelle
solution was recorded and subtracted from each spectrum.
Estimation of α-helicity percent was made using a method
modiﬁed by Wu et al. (1981) and Chen et al. (1974). This method
uses ellipticities at either 208 or 222 nm and calculates fractional
helicities as follows:
fh ¼ θ222−θ0222
 
= θ100222−θ
0
222
 
where θ222 is the experimentally observed mean residue ellipticity at
222 nm and values for θ2220 and θ222100, corresponding to 0 and 100%
helical content at 222 nm, were estimated to be 2000 and 30,000 deg
cm2/dmol, respectively (Wu et al., 1981; Chen et al., 1974).
NMR spectroscopy
All NMR spectra were acquired by using a 500 MHz Bruker DMX
spectrometer equipped with a pulsed-ﬁeld gradient unit and an
actively shielded z-gradient triple resonance probe (5 mm or
8 mm). [15N]-gp110 CTD in 50 mM sodium phosphate buffer (90%
H2O/10% D2O, pH 6.0), in 100 mM DPC/50 mM sodium phosphate
buffer (90% H2O/10% D2O, pH 6.0), and in 200 mM SDS/50 mM
sodium phosphate buffer (90% H2O/10% D2O, pH 6.0) were prepared
at the concentration of 1 mM. The 1H, 15N-HSQC spectrum of each
sample was acquired at 303 K.
Two peptides, FPGLRRRRYHDP and FPGLRTTRYHDP were chemi-
cally synthesized. The samples for NMR measurements were
prepared by dissolving the synthetic peptides to the concentration
of 2 mM in 300 mM SDS-d25 (Aldrich). There was no signiﬁcant
difference between the CD spectra of each peptide at pH 4.0 and at
pH 7 (data not shown), so that the NMR samples were prepared at
pH 4.0 to detect amide proton more easily. The homonuclear DQF-
COSY, TOCSY, and NOESY spectra of each peptide were acquired at
40 °C. Data matrices contained 4 K×512 points and 64 scans were
accumulated. The 2D TOCSY spectrum was acquired with the mixing
time of 60 ms and the 2D NOESY spectrum was acquired with the
mixing times of 200 ms. Assignment of the spin-systems to
individual amino acids was achieved using DQF-COSY and TOCSY
spectra. Proton chemical shifts were referenced to the methyl signal
of 2, 2-dimethylsilapentane-5-sulfonic acid (DSS) externally. 15N
chemical shifts were indirectly referenced to DSS. All NMR spectra
were processed using NMRPipe/NMRDraw and analyzed using
NMRView.
For structure calculation of two peptides, distance restraints were
obtained from the NOESY spectrum. The NOE data from the NOESY
spectrum were classiﬁed into three classes; strong, medium, and
weak, corresponding to upper bound inter-proton distance restraints
of 3.0, 4.0, and 5.0 Å, respectively. Lower distance bounds were taken
as the sum of the van der Waals radii of 1.8 Å. The 3-dimensional
structures were calculated using the simulated annealing and energy
minimization protocol in the program, CNS 1.1.Acknowledgments
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